Peroxidases (EC 1.11.1.7) participate in lignin biosynthesis. But peroxidation is not a tool for assaying lignocellulose metabolism because the active cannot yet be separated from the inactive peroxidases. A biochemical tool for assaying plant cell wall responses to agronomic practices is needed in the lignocellulosic feedstock renewable energy industry. Peroxidase of biomass sorghum was purified to 9 -13 charge isomers by free solution IEF (Rotofor) technique. Free solution IEF was more effective than chromatographic purification of active peroxidase isoenzymes. Native PAGE separated each charge isomer to three anionic and three cationic isoenzymes. Hydrogen peroxide and o-dianisidine assays showed that only 20% -30% of the isoenzymes displayed normal Michaelis-Menten kinetics. Sorghum planted without nitrogen fertilization induced the hydrogen peroxide noncompetitive inhibition of peroxidase, but 280 kg·ha -1 nitrogen fertilization and 100% sorghum mineral residue return to the soil tripled the concentration of active peroxidase and relieved the inhibition with concomitant increases of 350 kg lignin and 3532 kg·cellulose·ha -1 . Nitrogen fertilization without crop rotation induced hydrogen peroxide inhibition of the peroxidase, but nitrogen fertilization and 25% sorghum rotation changed the PI of the active peroxidase from neutral to mildly acidic and relieved the inhibition with concomitant enormous increases of 690 kg lignin and 7151 kg·cellulose·ha -1 . Hydrogen peroxide inhibition kinetics is consistent with the known peroxidase-substrate intermediate dead-end complex formation. Lignocellulosic yield was greatest under the agronomic management that combined 280 kg·ha -1 nitrogen fertilizer with 25% sorghum residue, which resulted in a shift of pI value of the active peroxidase due to a reduction in the Km value of the peroxidase. Therefore, up to 75% of sorghum biomass rather than only 50% can be harvested for conversion to bioenergy products.
Introduction
Peroxidase (EC 1.11.1.7; donor: hydrogen peroxide oxidoreductase) isoenzymes are ubiquitous in plant cells and tissues; and display many isoenzymic forms, up to 15 proteins in alfalfa [1] . They contain heme iron, Ca 2+ , Mn 2+ , Mg 2+ , Cu 2+ etc prosthetic groups [2, 3] and catalyze the oxidation of diverse electron donor substrates (aromatic amines, phenols etc) using hydrogen peroxide as the terminal electron acceptor [4] . Suggested metabolic roles include oxidation of cinnamyl alcohols during suberin and lignin deposition in the cell wall [5] , and formation of cross-links between cell wall proteins, and pectins [6] . Therefore peroxidases are employed in the analytical forensic, biochemical, and paper/pulp Industrial laboratories [7] [8] [9] . Although peroxidases participate in cell wall stiffening reactions [10] peroxidation is not a tool for analyzing lignocellulose metabolism because it is not yet possible to separate the active from the inactive peroxidase isoenzymes. Purification of the active isoenzymes would expand and diversify the utility of the enzyme as a biochemical analytical tool especially to optimize and double the production and processing of lignocellulosic feedstocks for the bioenergy industry. Because of the increasing importance of bioenergy to the global energy economics [11] , it is necessary to understand the responses of plant cell wall metabolism to the environment. Peroxidases as cell wall-bound enzyme may be of central focus in the envisaged renewable energy studies.
The kinetic properties of crystalline peroxidases have been studied [12] , the overall oxidoreductase reactions 
where E is the peroxidase, colorless reductant is the electron donor substrate (aromatic amines, phenols etc.), and colored reductant is the one-electron radical product of colorless reductant. Oxidoreduction by peroxidase is complicated in that oxidized peroxidase and partially reduced peroxidase intermediates are also subject to oxidation by hydrogen peroxide to give inactive (dead-end) forms of peroxidase [12] . This suggests that hydrogen peroxide inhibits peroxidase. The extent of the biochemical inactivation of peroxidase has not been determined. Chromatographic and two-dimensional purification procedures [1, 6, 13] are inadequate for concentrating the active isoenzymes of peroxidase, removing them from the inactive forms and estimating the extent of the inactivation. Determination of the extent of peroxidase inhibition will further enhance the utility of the enzyme as a marker for analyzing the responses of cell wall metabolism to agronomic management practices that target lignocellulose accumulation for optimization. There are suggestions that the lignocellulose yield of biomass sorghum (Sorghum bicolor L. Moench.) could be increased by returning some of the sorghum and/or mineral residues to the soil [14, 15] . Return of sorghum residue that contained a lot of lignin resulted in longer soil carbon residence time and overall soil productivity increases [16] . The chemical justification for the effects of sorghum residue return on the lignocellulose yield of the next sorghum crop was not discussed. Since peroxidase is ubiquitous in plant tissues, and is involved in lignin biosynthesis, it is important to investigate the biochemical role of the enzyme if any, in the responses of sorghum cell wall metabolism to residue return management practices. Analytical methods for the concentration and purification of the active isoenzymes of sorghum peroxidase and kinetics determination of their biological role are presented hereunder.
Materials and Methods

Cultivation, Treatments and Harvesting of Sorghum
The experiment used a randomized complete block design with three treatment factors: crop rotation, nitrogen rate and residue return. Crop rotations were continuous bioenergy sorghum. Sorghum was planted in the spring. Nitrogen was applied to sorghum at 0 or 280 kg·N·ha -1 . Nitrogen fertilizer as urea was side-dress applied 15-cm deep approximately 6 weeks after planting at the 4-to-5-leaf stage for sorghum. Residue return rates were 0%, 25% or 50% of sorghum biomass yield at harvest. Each possible combination of residue return, fertilization, and crop rotation was replicated four times. An additional treatment was included with 0% residue return, but where nutrients removed in aerial sorghum biomass (P, K, Ca, Mg, Mn, Zn, Fe, and Cu) were returned in mineral form prior to planting the subsequent sorghum crop. These plots also received the non-limiting N rate [14] .
Plots were 9.14-m long, four rows wide and planted on 102-cm row centers, giving a total plot width of 4.08 m. The bioenergy sorghum used in this study was "4-Ever Green", a modern photoperiod-sensitive, one-cross hybrid with high biomass yield and low lodging potentials (Walter Moss Seed Co, Waco, TX, USA). Planting dates ranged from late March to late April, with a rate of 160,000 seeds·ha -1 . Bioenergy sorghum was managed under conventional disk tillage. After the final harvest each year, plots were disked three times to a depth of 15 to 20 cm, and bedded. Furrow irrigation was minimally performed as needed. The plots were harvested using a New Holland model 707U forage chopper (New Holland, PA, USA) and cut to leave a short stubble (~10 cm) in September of 2011.
For determination of yield, the two inner rows of each plot were weighed using a weight bucket and Avery Weigh-Tronix model RD40RF scale indicator (Illinois Tool Works Inc., Glenview, IL, USA) that were coupled with the harvester. Residue corresponding to 25% and 50% of harvested biomass were returned to appropriate plots after each harvest. Water content of aerial plant biomass from each plot was determined by randomly selecting 5 plants, chopping in a commercial chipper/ shredder, and taking an approximately 600-g subsample. Subsamples were weighed, oven dried at 60˚C for 7 d, and then re-weighed to determine moisture content.
For peroxidase assay, a sample of sorghum leaf tissue was taken immediately prior to mechanical harvest. Leaf tissue samples were taken by randomly selecting the youngest fully mature leaf from five sorghum plants within each plot. These five entire leaves were removed, placed in a sealed storage container, and immediately brought to -200˚C by submersion of the sample container in liquid nitrogen.
high speed homogenization with 100 mL of ice-cold 50 mM Na 2 HPO 4 buffer pH 6.0 containing 25% polyvinylpyrrolidone (w/v) and 0.1% β-mercaptoethanol [6] . The homogenate was centrifuged at 4000 g for 30 min at 4˚C to pellet cell debris. The supernatant was frozen at -80˚C, thawed at 5˚C, and centrifuged at 9000 g for 30 min at 4˚C. The supernatant was made 50% saturated with solid (NH 4 ) 2 SO 4 , and the protein precipitated was pelleted by centrifugation at 9000 g for 30 min at 4˚C. The pellet was dissolved in minimum volume of extraction buffer, and dialyzed against 3 changes of 10 mM Tris-HCl buffer (pH 8.0) at 5˚C, over 48 h, each change being 4 L. Protein precipitate at the end of dialysis was removed by centrifugation (9000 g 30 min 4˚C).
Partially purified sorghum peroxidase containing ~1 g protein was made 4 M with deionized urea and 2% with Bio-Lyte ampholyte (pH 3 -10, 40% w/v). This solution was applied to Rotofor cell (Bio-Rad Laboratories, Hercules CA, USA), and focused for 3.5 h at 15 W constant power and at 4˚C. Rotofor fractions were harvested, their pH values measured. Ampholyte and urea were removed from the fractions by dialyzing at 4˚C against 3 changes of 10 mM Tris-HCl buffer (pH 8.0) over 48 h, each change being 4 L. Dialyzed Rotofor fractions were stored in the fridge at 4˚C, and peroxidase remained active for at least 3 weeks.
Dialyzed Rotofor fractions of peroxidase (0.2 mL) were prepared with bromophenol blue-glycerol protein loading buffer [17] and loaded into the wells of a slab 7.5% native PAG, and electrophoresed (Bio-Rad protean ii cell, constant 100 V at 4˚C) until the bromophenol blue dye was at the lower edge of the gel. Peroxidase activity was detected by staining [18] the electrophoresed gel in a solution of 50 mM Na 2 HPO 4 containing 6.0 mM o-dianisidine and 8.8 mM hydrogen peroxide at room temperature in the dark until the peroxidase bands became visible (30 -45 min). The stained gel was rinsed with distilled water, photographed, and the peroxidase bands degitalized using UN-SCAN-IT software (Silk Scientific, Utah, USA).
Peroxidase activity was determined at fixed 0.6 mM o-dianisidine concentration, and varied (0.3 -1.8 mM) hydrogen peroxide concentrations, in 3 mL 50 mM Na 2 HPO 4 solution pH 6.0. The activity [18] was measured at 27˚C using Nanodrop spectrophotometer and calculated at A 460 (Є 460 nm : 11.3 mM -1 ·cm -1
) for double reciprocal plots. Protein concentrations were determined by the Folin-Ciocalteau reagent and lysozyme as protein standard.
Determination of Cellulose and Lignin Yields
Dry, composited and milled sorghum shoots (200 g) harvested per field plot treatment were custom (Universal Testing, Illinois, USA) analyzed for lignin, acid and neutral detergent fiber (ADF and NDF) by standard gravimetric method.
Results and Discussion
Separation of Active from Inactive Isoenzymes of Peroxidase
The active isoenzymes of sorghum peroxidase were separated from the inactive ones by free solution (Rotofor) isoelectric focusing (IEF) technology that has been very successful in fractionating the complex 28 isoenzymes of glutamate dehydrogenase [19] . Rotofor IEF separated the isoenzyme population into 9 -13 charge isomers similar to other peroxidases [1] . They were arranged in three groups: negatively charged, neutral, and mildly alkaline isoenzymes (Figure 1) . This was the important step in the separation of the active from the inactive peroxidase isoenzymes, most of which were acidic (pI < 4.8) charge isomers. Chromatographic and two-dimensional purification procedures had been inadequate for concentrating the active isoenzymes of peroxidase, and removing them from the inactive forms [1, 2, 13] . Native polyacrylamide gel electrophoresis (PAGE) of the charge isomers revealed the two distinct groups (anionic and cationic) of peroxidase isoenzymes that make up the charge isomers (Figure 1) . The highly acidic (pI < 4.5) charge isomers contain predominantly the anionic isoenzymes; the weakly basic (pI > 7.5) contain predominantly the cationic isoenzymes; whilst the neutral charge isomers consist of graded mix of anionic and cationic isoenzymes. There were three rows of peroxidase isoenzymes, three in the cationic group and three in the anionic group; and they varied in relative concentration and distribution patterns/ profile according to the prevalent crop rotation and nitrogen fertilization (Figure 1 ).
Responses of Peroxidase to Sorghum Rotation and Nitrogen Fertilization
The active peroxidase isoenzyme distribution patterns responded in different ways to the various agronomic management practices (Figure 1) . Digital quantitation of the isoenzyme bands showed that nitrogen fertilization of the sorghum did not alter the pI values of the active isoenzymes but tripled their yield (Figures 1(a) and (b) ). Under identical nitrogen fertilization, 25% crop rotation (addition of 25% sorghum residue to the soil) shifted the pI values of the active isoenzyme from neutral to slightly acidic (Figures 1(c) and (d) ). Under identical level of sorghum residue in the soil, nitrogen fertilization doubled the concentration of the active cationic isoenzymes (Figures 1(e) and (f) ). These differences permitted the kinetics characterization of the responses of peroxidase to agronomic management of sorghum. tion, when the oxidized peroxidase (Equation 1), and partially reduced peroxidase (Equation 2) become oxidized by hydrogen peroxide, dead-end enzyme-substrate complexes are formed [8] . Inactive forms of enzymes are targeted for degradation, producing progressively lower molecular weight polypeptides [20, 21] .
Peroxidase Kinetics
The active peroxidase isoenzymes that displayed normal Michaelis-Menten kinetics (Figure 2 ) at constant odianisidine (substrate) and variable hydrogen peroxide concentrations [6] were only 20% -30% of the total isoenzymes ( Figure 1) ; the majority was inactive displaying aberrant Michaelis-Menten kinetics. In all the sorghum samples, almost all the strongly acidic charge isomers were inactive, thus suggesting that the acidic isoenzymes were the degradation products of the inactivated isoenzymes. In the mechanism of peroxidase reacDouble reciprocal plots of the active charge isomers gave distinct pairs of treated sorghums, one member of the pair being the noncompetitively inhibited Table 1 . SS is Sorghum-Sorghum rotation.
to 4.8 mmoles·min -1 ·mg -1 protein in the control sorghum without nitrogen fertilizer and no sorghum residue returned to the soil (Figure 2(a) ). Therefore control sorghum without urea fertilization and without crop rotation (sorghum residue in the soil) induced hydrogen peroxide noncompetitive inhibition of the peroxidase.
The peroxidase of sorghum treated with 280 kg·ha -1 nitrogen fertilizer together with 25% sorghum residue return to the soil had a Vmax value of 10.2 mmoles·min -1 ·mg -1 protein, but the Vmax value decreased to 3.3 mmoles·min -1 ·mg -1 protein in the control sorghum with 280 kg·ha -1 nitrogen fertilizer without sorghum residue in the soil (Figure 2(b) ). Therefore, control sorghum without sorghum residue even in the presence of nitrogen fertilization induced hydrogen peroxide noncompetitive inhibition of peroxidase.
The peroxidase of sorghum treated with 280 kg·ha -1 of nitrogen fertilizer together with 50% sorghum rotation had a Vmax value of 6.6 mM·min -1 ·mg -1 protein, but the Vmax value decreased to 3.8 mM·min -1 ·mg -1 protein in the control sorghum without nitrogen fertilizer but with 50% sorghum rotation (Figure 2(c) ). Therefore, control sorghum without nitrogen fertilization even in the presence of 50% sorghum residue in the soil induced the hydrogen peroxide noncompetitive inhibition of peroxidase.
Absence of sorghum rotation or mineral residue and/or nitrogen fertilizer decreased the peroxidase activity whilst presence of sorghum rotation or sorghum mineral residue and nitrogen fertilizer increased the peroxidase activity. The 50% sorghum residue in the soil was in excess of the requirement for normal peroxidase activity. These results offer the biochemical explanation for earlier agronomic observations [14] that sorghum-corn rotation improved sorghum yield and mineral nutrient cycling of the soil. Agricultural practices involving crop rotation and nitrogen fertilization are biochemically more favorable for sorghum peroxidase activity than absence of crop rotation and nitrogen fertilization. The noncompetitive inhibition kinetics (Figure 2) under variable hydrogen peroxide concentrations is consistent with the known mechanisms of peroxidase involving oxidized peroxidase and partially reduced peroxidase as enzyme-substrate intermediate complexes that form dead-end products with hydrogen peroxide [12] .
Lignin and Cellulose Yields
When nitrogen fertilization of the sorghum tripled the yield of active peroxidase isoenzymes (Figure 1(b) ) and relieved the inhibition on the peroxidase of the untreated control sorghum (Figure 2(a) ), the lignin and cellulose contents increased by 350 kg and 3532 kg·ha -1 respectively ( Table 1) . Under identical nitrogen fertilization, when the addition of 25% sorghum residue to the soil shifted the pI values of the active isoenzyme from neutral to slightly acidic (Figure 1(d) ), and relieved the inhibition on the peroxidase of the control sorghum (Figure 2(b) ), the lignin and cellulose contents increased enormously by 690 kg and 7151 kg·ha -1 respectively ( Table 1) . Under identical sorghum rotation (50%), addition of 280 kg·ha -1 nitrogen fertilizer doubled the concentration of the cationic isoenzymes (Figure 1(f) ), and relieved the inhibition on the peroxidase that was observed in the control sorghum (Figure 2(c) ) thereby increasing the lignin and cellulose contents by 388 kg and 4162 kg·ha -1 respectively (Table 1) in the fertilized sorghum. In all the pairwise kinetics of sorghum peroxidase (Figure 2) , the nitrogen fertilization in conjunction with sorghum rotation improved the kinetics properties of the peroxidase isoenzymes with concomitant increases in the yields of lignocellulose. Therefore, the peroxidase kinetics agree with their biological role as cell wall-bound enzymes that stiffen cell walls by participating in the biosynthesis of lignin, suberin etc. [4] [5] [6] .
The best lignocellulosic yield was produced by the agronomic management that combined 280 kg·ha -1 nitrogen fertilizer with 25% sorghum residue and shifted the pI value of the active peroxidase because the Km value of the peroxidase decreased concomitantly to 0.39 mM from the higher Km values (0.78 mM) of the other sorghums ( Table 1) . These Km values for hydrogen peroxide are much lower than earlier results [13] probably because the inactive isoenzymes of the sorghum peroxidase had been removed (Figure 1) . This is further support to the increases in the Vmax values. The lowering of the Km values for hydrogen peroxide increased the affinity of peroxidases and their capacity to synthesize lignin and suberin for the stiffening of mechanical tissues etc. [5, 6, 10] . Therefore, there were agreements between peroxidase isoenzyme patterns, their activation, kinetics, and the yields of lignocellulose in the responses of sorghum to crop rotation and nitrogen fertilization. The agreements were made possible because the inactive peroxidase had been removed from the active isoenzymes, thus could constitute an analytical biochemistry framework for expanding the utility of peroxidase kinetics to evaluate lignocellulose production in the bioenergy industries [7] [8] [9] , and generally for monitoring the effects of agronomic practices on crop metabolism.
Return of 25% of the sorghum residue to the soil induced the next sorghum crop to produce almost double yields of lignin and cellulose compared with when 50% of sorghum residue was returned to the soil ( Table 1) . Therefore, up to 75% of sorghum biomass rather than only 50% can be harvested for conversion to bioenergy products. High yield of biomass feedstock per unit area of land is a prerequisite for successful bioenergy industry [23] . Removal of 100% of the sorghum biomass without any returned to the soil produced peroxidase isoenzymes of very low activities (Figures 1(a) and (c)) in the next crop of sorghum exhibiting lowered yields of lignin and cellulose ( Table 1) . Results discussed in Figures 1, 2 and Table 1 begin to provide some biochemical explanation for previous observations [14, 15] that return of sorghum residues to the soil improved soil organic carbon contents, nutrient cycling, and the biomass yield of the next crop of sorghum. Changes in the charge of the isoenzymes (Figure 1 ) in response to the returned sorghum residue may be related to the prosthetic Ca 2+ , Mg 2+ , Mn 2+ , heme iron etc components of the peroxidase kinetic pathways [1] [2] [3] 12] . Lignin is a major component of crop residue, and it is slow to degrade in the soil [16] thereby ensuring high soil carbon contents in the long-term for efficient macro and micro-nutrient exchange. In this regard, return of high-lignin sorghum residue (1246 kg·ha -1 ) to the soil should be more beneficial than low-lignin sorghum residue (557 kg·ha -1 ).
Conclusion
Free solution IEF is more effective than chromatographic purification of active peroxidase isoenzymes. Rotofor IEF successfully separated the isoenzyme population into charged isomers similar to other peroxidases. These populations were arranged into three groups: negatively charged, neutral, and mildly alkaline isoenzymes. Active peroxidase isoenzyme distribution patterns responded in the various agronomic management practices. Digital quantitation of isoenzyme bands showed that nitrogen fertilization of the sorghum and 100% mineral residue return did not alter the pI values of the active isoenzymes but tripled their yield. Nitrogen fertilization of the sorghum tripled the yield of active peroxidase isoenzymes and relieved the inhibition on the peroxidase of the untreated control sorghum. This resulted in lignin and cellulose contents that were increased by 350 kg and 3532 kg·ha -1 respectively. Agricultural systems in which 100% of the
